In Gram-negative bacteria, autotransporters secrete effector protein domains that are linked to virulence. Although they were once thought to be simple and autonomous secretion machines, mounting evidence reveals that multiple factors of the bacterial envelope are necessary for autotransporter assembly. Secretion across the outer membrane of their soluble effector "passenger domain" is promoted by the assembly of an outer membrane-spanning "b-barrel domain". Both reactions require BamA, an essential component of the b-barrel assembly machinery (BAM complex) that catalyzes the final reaction step by which outer membrane proteins are integrated into the lipid bilayer. A large amount of data generated in the last decade has shed key insights onto the mechanistic coordination of autotransporter b-barrel domain assembly and passenger domain secretion. These results, together with the recently solved structures of the BAM complex, offer an unprecedented opportunity to discuss a detailed model of autotransporter assembly. Importantly, some autotransporters benefit from the presence of an additional machinery, the translocation and assembly module (TAM), a two-membrane spanning complex, which contains a BamA-homologous subunit. Although it remains unclear how the BAM complex and the TAM cooperate, it is evident that multiple preparatory steps are necessary for efficient autotransporter biogenesis.
Introduction
Gram-negative bacteria are separated from the external milieu by a multilayer envelope that includes an inner and an outer membrane (IM and OM), set apart by the aqueous periplasm and the peptidoglycan cell wall. These bacteria use multiple transport systems to deliver effector proteins beyond the OM into the extracellular milieu or to inject them directly into a host cell (Costa et al., 2015) . One of the simplest secretory pathways consists of autotransporters, a superfamily of integral OM proteins that function as virulence factors by promoting biofilm formation, host adhesion, or proteolysis of host factors (Henderson and Nataro, 2001 ). Autotransporters have obtained attention not only as vaccine and antivirulence drug targets, but also as biotechnological tools for antigen display and secretion of recombinant proteins (Jose and Meyer, 2007; Wells et al., 2007; Jong et al., 2010a) . Typically, autotransporters secrete (i.e., expose on the cell surface or release into the extracellular space) an effector "passenger domain" which is responsible for the corresponding associated virulence function (Fig. 1A) . Despite their low sequence similarity, most passenger domains contain more than 800 residues and are rich in b-strands organized to form b-helical elongated structures upon emerging on the surface of the cell (Kajava and Steven, 2006; Nishimura et al., 2010; Celik et al., 2012) . Secretion of these effectors requires a covalently linked, dedicated "translocator domain" or "b-barrel domain" (Drobnak et al., 2015a ) that spans the OM by folding into a b-barrel structure. All autotransporter bbarrel domains that have been structurally resolved so far are composed of 12 antiparallel b-strands with their amino-(N) and carboxy-(C) terminal residues facing the periplasm (Oomen et al., 2004; Barnard et al., 2007;  Accepted 7 September, 2017. *For correspondence. E-mail raffaele.ieva@ibcg.biotoul.fr; Tel. 133 561335911; Fax 133 561335886. Tajima et al., 2010; van den Berg, 2010; Zhai et al., 2011; Barnard et al., 2012) . The hydrophilic internal cavity is occupied by the so-called linker region, which connects the first b-strand of the barrel to the passenger domain (Drobnak et al., 2015a; Fig. 1A) . The linker region contains a partially conserved motif important for its correct positioning along the axis of the b-barrel cavity (Kostakioti and Stathopoulos, 2006; Ieva et al., 2008; Dautin and Bernstein, 2011) . The linker region of serine protease autotransporters of Enterobacteriaceae (SPATE) undergoes an autoproteolytic reaction catalyzed by residues facing towards the internal cavity of the b-barrel domain . Other autotransporters are cleaved in the region of the linker segment that extrudes from the barrel into the extracellular milieu. Another subset of autotransporters is not proteolytically processed .
The IgA1 protease secreted by Neisseria gonorrhoeae was the first autotransporter to be described in 1987 and contains a typical N-terminal passenger domain and a C-terminal b-barrel domain (Pohlner et al., 1987) . Autotransporters that have such a primary sequence configuration are also referred to as "classical autotransporters" or type Va, according to the Roman numeral nomenclature used to group bacterial secretory systems with similar features. Type V secretory proteins (Fig. 1B) also include: the two-partner secretion systems (TPS, type Vb), which differ from classical autotransporters in that the secreted effector protein (generally referred to as TpsA) is not fused to a b-barrel domain and is transported by a dedicated and coexpressed 16-stranded b-barrel protein of the Omp85 superfamily (generally referred to as TpsB) (Gu erin et al., 2017) ; trimeric autotransporters (type Vc) that possess a small translocator domain, harboring only 4 b-strands, which trimerizes to form a 12-stranded b-barrel (Bassler et al., 2015) ; proteins encoding a patatin-like passenger domain fused to a C-terminal b-barrel domain that resembles TpsB proteins (type Vd; Salacha et al., 2010) ; inverse autotransporters and two-partner inverse autotransporters (type Ve), which present a N-terminal b-barrel domain fused respectively to a C-terminal passenger domain or to a C-terminal plug domain proposed to regulate transport of co-expressed passenger proteins (Gal-Mor et al., 2008; Prehna et al., 2012; Heinz et al., 2016) .
The simple bipartite domain organization of a classical autotransporter consisting of a secreted moiety and a putative membrane translocator domain (Fig. 1A) led to the proposal that these virulence factors are autonomous secretion systems (Pohlner et al., 1987; Jose et al., 1995) . This minimalist model has recently been re-examined, given that a large body of work conducted during the last decade has revealed that secretion of A. The precursor of a classical autotransporter is synthesized with an N-terminal signal peptide (SP, grey), followed by the passenger domain (red), a linker region (orange) and the b-barrel domain (light yellow). After transport across the IM via the SEC translocon (violet), the signal peptide is cleaved off. Upon transport across the periplasm, the b-barrel domain folds and assembles into the OM embracing the a-helical linker region, while the passenger domain is secreted across the OM. The passenger domains of some autotransporters undergo proteolytic cleavage and release in the extracellular milieu. B. All type V secretory proteins are schematically represented. Type Va proteins, or classical autotransporters, possess an Nterminal passenger domain and a C-terminal b-barrel domain; type Vb proteins, or two-partner secretion systems, include a secreted protein, TpsA, and the translocator protein, TpsB, a member of the Omp85 protein family; type Vc proteins, or trimeric autotransporters, possess a N-terminal passenger domain that is fused to a small C-terminal domain, which trimerizes to form a single b-barrel structure; type Vd is composed of a patatin-like passenger domain and a covalently linked, C-terminal translocator domain homologous to TpsB proteins; type Ve, including inverted autotransporters (left) as well as two-partner inverted autotransporters (right), possess a N-terminal b-barrel domain fused to either a C-terminal passenger domain or a C-terminal plug respectively. Red elements, passenger domains or passenger proteins; light yellow cylinders, autotransporter b-barrel domains; cyan cylinders, TpsB (type Vb) or TpsB-like (type Vd) proteins; cyan ovals, POTRA (type Vb) or POTRA-like (type Vd) domains. The N-and C-terminal ends of transporter proteins are indicated.
autotransporters requires multiple factors in the bacterial envelope. The current challenge is to understand which aspects of the autotransporter assembly reactions are aided by each identified factor and how their actions are coordinated at sequential steps of autotransporter biogenesis. In this review, we will summarize the current knowledge on the biogenesis of classical autotransporters, highlighting the role of assembly factors and the common features of the biogenesis reactions of other type V secretory pathways.
Early steps of transport from the cytosol to the OM All type V secreted proteins are synthesized with an Nterminal signal peptide for targeting and transport across the IM via the general secretory machinery (SEC translocon; Fig. 1A ). Signal peptides contain an Nterminal positively charged region, a central hydrophobic segment and a C-terminal cleavage region that is proteolytically processed after the protein has been translocated across the IM (Tsirigotaki et al., 2017) . A subset of autotransporters (as well as other secretory proteins of the type V secretion system) possess an unusually long signal peptide that has an additional N-terminal extension. The function of this extension has been investigated by several groups, yet it remains only partially understood (Hegde and Bernstein, 2006; Leyton et al., 2012; van Ulsen et al., 2014) . One of its roles is to slow down the rate of signal peptide processing after transport across the SEC translocon, which helps the adjacent secretory domains remain unfolded and secretion competent (Chevalier et al., 2004; Szabady et al., 2005) . Work on the SPATE Hbp suggests that this step involves a novel function of the IM insertase YidC (Jong et al., 2010b) . A similar role in organizing transport of the passenger domains across the periplasm has been proposed for a trimeric IM lipoprotein (SadB) that is coexpressed with a trimeric autotransporter (SadA) in Salmonella (Grin et al., 2014) . Certainly, preventing passenger domain folding in the periplasm is crucial for efficient autotransporter secretion. Transport across the OM has, in fact, a limited tolerance for complex structural elements in the passenger domain (Leyton et al., 2011; Sauri et al., 2012) . The inherent slow folding propensity of autotransporter passenger domains further contributes to preserving a secretion competent conformation in the periplasm (Junker et al., 2006) . Periplasmic molecular chaperones that interact with autotransporter precursors may additionally help maintaining discrete passenger domain segments unfolded while crossing the periplasm. In E. coli, two major periplasmic pathways have been described to transport integral OM proteins. One pathway is governed by the SurA chaperone, the other is controlled by the trimeric chaperone Skp in cooperation with DegP, a factor that has both chaperone and protease activities (Rizzitello et al., 2001) . Because of their functional redundancy, it remains difficult to distinguish which periplasmic chaperones play the most critical role in the biogenesis of the b-barrel domain and secretion of the passenger domain. As observed for other integral b-barrel OM proteins, SurA is crucial for efficient biogenesis of many classical as well as inverse autotransporters (Purdy et al., 2007; Sklar et al., 2007; Bodel on et al., 2009; Sauri et al., 2009; Ieva and Bernstein, 2009; Ruiz-Perez et al., 2009; Roman-Hernandez et al., 2014; Oberhettinger et al., 2015; Weirich et al., 2017) . Deletion of SurA activates the sigmaE-mediated envelope stress response, resulting in the transcriptional downregulation of many integral OM proteins and activation of periplasmic quality control factors including DegP (Rouviè re and Gross 1996; Rhodius et al., 2006) , which can degrade autotransporter precursors that accumulate in the periplasm (Jain and Goldberg, 2007; Jong et al., 2007) . Other studies revealed a critical role of Skp during autotransporter biogenesis (Wagner et al., 2009; Ulrich et al., 2014; Weirich et al., 2017) . A site-specific crosslinking analysis of assembly intermediates of the classical autotransporter EspP showed that Skp makes contacts with both the passenger and the b-barrel domains, while SurA could be only detected in contact with the passenger domain (Ieva and Bernstein, 2009; Ieva et al., 2011) .
A structural analysis of the autotransporter NalP of Neisseria meningiditis showed for the first time the folded conformation of an autotransporter b-barrel domain (Oomen et al., 2004) . Its 12 b-strands surround an internal cavity of 1 nm, filled by an a-helical segment of the linker region. Trimeric autotransporters form a similar b-barrel structure with a slightly larger cavity, which hosts the three N-terminally adjacent linker segments with a-helical folding (Meng et al., 2006; Shahid et al., 2012) . Inverted autotransporter bbarrel domains are also composed of 12 b-strands that embrace a segment of the C-terminal linker region (Fairman et al., 2012) . At a first glance, the topological conformations of b-barrel domains, which accommodate the adjacent linker regions in their internal cavities (Fig. 1B) , may appear to be the final result of the transport of passenger domains, as postulated in the original autotransporter model. Secretion of the passenger domain proceeds, at least in the case of classical and inverse autotransporters, via formation of a hairpin structure comprising the linker region (Ieva and Bernstein, 2009; Junker et al., 2009; Sauri et al., 2009; Peterson et al., 2010; Oberhettinger et al., 2015) , a conformation that would completely occupy the cavity of the folded b-barrel domain. Thus, the experimental observation that small folded structural elements recombinantly fused to passenger domains can be efficiently secreted (Brandon and Goldberg, 2001; Veiga et al., 2004; Skillman et al., 2005) is at odds with a model of secretion involving exclusively the folded autotransporter b-barrel domain, as it would imply that three or more polypeptide segments must simultaneously fit in its small cavity. This paradox has weakened the autotransporter hypothesis in favor of a more complex model, according to which secretion of the passenger domain does not occur via the b-barrel domain in its final folded conformation. Different alternative models have been proposed and discussed in the last 15 years . More recently, two translocases have been implicated in autotransporter assembly at the OM.
Role of the BAM complex in autotransporter assembly
A long-standing puzzle concerning how proteins of the bacterial OM fold into stable structures began to be solved with the seminal discovery that the essential and evolutionarily conserved factor Omp85/BamA (Gentle et al., 2004) is critical for the biogenesis of autotransporters, among other integral OM proteins (Voulhoux et al., 2003) . BamA is part of a hetero-oligomeric complex that was subsequently named the b-barrel assembly machinery, or BAM complex (Wu et al., 2005; Sklar et al., 2007; Volokhina et al., 2009; Anwari et al., 2010; Webb et al., 2012) . Like its client proteins, the Cterminal domain of BamA folds into a b-barrel, which is composed by 16 b-strands, while its N-terminal region forms five periplasm-disposed polypeptide transport associated (POTRA) domains (Noinaj et al., 2013) . The number and type of BamA-interacting subunits in the BAM complex vary in different families of Gram-negative bacteria . Four lipoproteins, BamB-E, associate with BamA ( Fig. 2A) . The native structure of the E. coli BAM complex has recently been solved and reveals a hat-shaped assembly, where the 16-stranded b-barrel of BamA is linked to the lipoproteins via its periplasmic POTRA domains (Bakelar et al., 2016; Gu et al., 2016; Han et al., 2016; Iadanza et al., 2016) . Two main features of the BAM complex have been highlighted: (i) the BamA POTRA domains, surrounded by BamBCDE, form a periplasmic ring that might serve as docking site for incoming b-barrel protein precursors (Han et al., 2016) ; (ii) the BamA b-barrel domain can switch between a "closed" conformation, in which bstrands 1 and 16 are partially paired, and an "open" conformation, in which b-strand 1 rotates with respect to b-strand 16 opening a lateral gate between the interior of the barrel and the surrounding space. This movement reorients the POTRA domains by 308 and enlarges the internal cavity of the periplasmic ring (Bakelar et al., 2016; Gu et al., 2016; Iadanza et al., 2016) . While the flexibility of the gate region formed by b-strands 1 and 16 appears to be essential for BamA function Gu et al., 2016; Iadanza et al., 2016) , it remains unclear how this opening contributes to inserting nascent b-barrel proteins into the membrane (Noinaj et al., 2017) .
Further work confirmed that classical autotransporter biogenesis depends on BamA (Jain and Goldberg 2007; Sauri et al., 2009) . Similarly, the assembly of trimeric and inverse autotransporters also depends on BamA (Lehr et al., 2010; Oberhettinger et al., 2015) . It was not initially clear, however, whether the BAM complex merely promotes assembly of the b-barrel domain or further facilitates passenger domain secretion. Key insights into this puzzle were obtained using a sitespecific crosslinking methodology and mutations in EspP that cause a transient stalling of passenger domain secretion across the OM. During stalling, 80 residues N-terminal to the passenger domain segment that emerges on the surface of the OM could be crosslinked to BamA (Ieva and Bernstein, 2009; Peterson et al., 2010; Pavlova et al., 2013) . This observation suggests that BamA plays a direct role in secretion. Importantly, while the passenger domain is in contact with BamA, the autotransporter b-barrel domain interacts with three distinct subunits of the BAM complex (Fig. 2B) . Consistent with previous results (Robert et al., 2006) , the C-terminal residue of EspP (F1300), which is part of a conserved signature motif present in b-barrel proteins, contacts BamA. Two other amino acids, residues F1214 and F1113, interact with BamD and BamB respectively. Of note, assuming that EspP were to some extent folded, as suggested by a previous study (Ieva et al., 2008) , positions 1300, 1214 and 1113 would be at 1208 away from each other along the circumference of the barrel (Fig. 2A) . Thus, viewing the EspP b-barrel domain from the periplasm, the BamA-interacting C-terminal position of EspP is followed in a clockwise direction by a position interacting with BamD and a position interacting with BamB. Finally, residue W1149, which is positioned between F1113 and F1300 when projected on the circumference of the folded EspP barrel, interacts with both BamA and BamB (Ieva et al., 2011; Ieva, 2017) . Strikingly, a view of the BAM complex from the periplasm ( Fig. 2A) reveals that the positioning of the BAM subunits fits particularly well with the map of the interactions mediated by the EspP b-barrel assembly intermediate with neighbouring BAM subunits (Fig. 2B) . This observation consolidates a model according to which the EspP b-barrel domain at the BAM complex has already acquired a three-dimensional organization that resembles its folded structure (Ieva et al., 2008 (Ieva et al., , 2011 Pavlova et al., 2013) . Of note, upon orienting the EspP b-barrel domain so that residues F1113 and W1149 face BamB while residue F1214 faces BamD, the C-terminal signature motif of the autotransporter b-barrel appears to be oriented towards the lateral gate of BamA ( Fig. 2A) . This finding suggests that residues of the BamA lateral gate may directly contact the autotransporter b-barrel domain (Fig. 2B) .
Taken together, the data discussed above have contributed to the development of a detailed mechanistic model for how the BAM complex may contribute to the biogenesis of classical autotransporters (Ieva et al., 2011; Pavlova et al., 2013; Fig. 3A) . Upon transport across the IM, the b-barrel domain appears to be in complex with Skp (Ieva et al., 2011; Pavlova et al., 2013) . This trimeric chaperone forms a jelly fish-like structure that features an internal cavity delimited by a-helical tentacles (Kornd€ orfer et al., 2004; Walton and Sousa, 2004) . A 12-stranded b-barrel protein would be caged in an expanded cavity of one or two Skp trimers . It remains unclear whether the autotransporter b-barrel domain acquires some degree of folding already in the periplasm (Ieva et al., 2008) . In contrast to this hypothesis, 8-stranded b-barrel proteins lack any secondary structure when bound to Skp in a purified system . Once in the periplasm, however, the linker region N-terminally adjacent to the b-barrel domain becomes quickly protected from proteolytic digestion and chemical modifications (Ieva et al., 2008) , suggesting that it rapidly acquires an a-helical conformation, possibly embraced by some bstrands of the b-barrel domain or a partially folded -806) is in an open conformation and is displayed in yellow. Other secondary structural elements are highlighted in red (a-helices) and light blue (b-strands, except the lateral gate). In the precleavage structure of EspP obtained by X-ray crystallography ; PDB: 3SLJ), amino acid residues shown to interact with the BAM complex are in purple (Ieva et al., 2011) . All structures were displayed using Discovery Studio Visualizer (Dassault Systè mes). B. Schematic representation of a possible EspP-BAM configuration that reflects the crosslinking pattern obtained for the b-domain of EspP (light yellow) during transient stall of passenger domain secretion (Ieva et al., 2011; Pavlova et al., 2013) . Top and bottom diagrams depict respectively, a side view from the plane of the OM and a view from the periplasm. EspP residues that have been crosslinked to BAM subunits are highlighted in purple. Starting from the C-terminus of EspP and moving in a clockwise direction around the perimeter of the barrel, F1300 contacts BamA (cyan), F1214 contacts BamD (green), F1113 contacts BamB (blue), and W1149 contacts both BamA and BamB. BamC and BamE are represented in pink and brown respectively. The lateral opening forming between b-strands 1 and 16 of BamA is in yellow. EspP linker region (orange) and passenger domain (red) have been omitted from the bottom scheme for clarity.
b-sheet (Fig. 3A, step I) . In a subsequent step, recognition of the C-terminal signature motif of the b-barrel domain by BamA may contribute to handing over the autotransporter to the BAM complex (step II). This intermediate is not yet fully integrated into the OM, as suggested by urea extraction experiments (Pavlova et al., 2013) . We speculate that, at this stage, the b-barrel domain may occupy an expanded cavity of the BAM periplasmic ring, i.e., the five BamA POTRA motifs and the surrounding lipoproteins (Han et al., 2016 ). This step is likely to require the conformational flexibility of the periplasmic domain of BamA (Fleming et al., 2016; Warner et al. 2017) to accommodate a good portion of the folding b-barrel domain embracing the linker region (step II). A similar assembly intermediate that precedes membrane integration has been proposed for the bbarrel protein LptD, which undergoes a significant amount of folding near the BamA-BamD periplasmic interface (Lee et al., 2016) . A subsequent step of assembly of the autotransporter b-barrel domain triggers A. Upon transport across the IM, autotransporters are bound by Skp; the linker region is possibly embraced by residues of the b-barrel domain (step I); upon delivering to the BAM complex (step II), the b-barrel domain undergoes further folding that triggers passenger domain secretion (step III). Consecutive segments of the passenger domain are handed over by SurA (purple) to BamA (steps II to IV) and secretion is driven by passenger domain folding on the surface of the OM (step IV). Upon completion of passenger domain secretion, folding of the bbarrel domain is finalized and BamA releases the b-barrel domain (step V). In the case of SPATEs, the passenger domain is subsequently cleaved and released in the extracellular milieu (step VI). B. Schematic representation of cross-sections of the passenger domain OM secretory pore in two hypothetical conformations. On the left, b-strands 1 and 12 of the autotransporter b-barrel domain are paired to the b-strands of the BamA lateral gate, thus forming a two-protein hybrid b-barrel that embraces the stationary helical linker region (orange) and a more N-terminal sliding segment (red). On the right, the autotransporter b-barrel domain forms a continuous, circular b-sheet, which cannot close due to the presence in its internal lumen of the passenger domain, i.e., the stationary helical linker region (orange) and the N-terminal sliding segment (red). an onset of passenger domain secretion (step III) (Pavlova et al., 2013) . Conceivably, at this stage, the bbarrel domain integrates further into the lipid bilayer, thus exposing on the cell surface a hairpin loop connecting the a-helical linker region to the N-terminal passenger domain in the periplasm (Peterson et al., 2010) . While the a-helical linker remains stationary, the segment at the N-terminal side of the hairpin slides outwards. Transport proceeds with a C-to N-terminal directionality (step IV) driven by the folding of the passenger domain on the surface of the cell (Peterson et al., 2010; Soprova et al., 2010) . Consecutive segments of the passenger domain are handed over by SurA to BamA (Ieva and Bernstein, 2009 ) that appear to interact with each other at a site corresponding to the most N-terminal POTRA domain (Bennion et al., 2010) . Completion of passenger domain secretion leads to a final assembly step of the b-barrel domain at the BAM complex with progressive exposure of its external surface to the lipids of the OM (Ieva et al., 2011) . The b-barrel is released from the BAM complex only after the entire passenger domain has been secreted (step V). Contacts of the bbarrel domain with BamB and BamD persist longer than the contact with BamA (Ieva et al., 2011) . This result remains difficult to interpret, although it may conceivably describe the definitive partitioning of the fully folded domain into the lipid phase and the resetting of the BAM complex to a client-free conformation. During this late step of folding, EspP autoproteolysis sets the passenger domain free (step VI). Although the stepwise model described above is in agreement with a large body of data obtained on the assembly of classical autotransporters, a few aspects remain speculative and have to be further tested. One key point, which remains unclear, concerns the precise molecular nature of the secretory pore across the OM that lets the autotransporter passenger domain access the exterior of the cell. The autotransporter b-barrel domain plays a direct role in passenger domain secretion and it is not a mere targeting element for its delivery to the OM (Sauri et al., 2011) . In line with this observation, it was shown that folding of the b-barrel domain at the BAM complex is tightly coordinated with passenger domain secretion: mutations in conserved glycine residues, which are critical for the structural stability of the autotransporter b-barrel domain, delay the onset of passenger domain secretion, thus revealing a mechanistic link between b-barrel domain assembly by the BAM complex and secretion of the passenger domain (Pavlova et al., 2013; Leyton et al., 2014) . The diameter of the pore for passenger domain secretion, however, has been estimated to range approximately between 1.7 and 2 nm (Sauri et al., 2012) , and is thus larger than the diameter of a fully folded classical autotransporter b-barrel domain. Hence, it was proposed that passenger domain secretion may occur via the b-barrel domain maintained in an expanded conformation, possibly while in complex with BamA (Sauri et al., 2012; Bernstein, 2015) . Two mechanistic scenarios can be envisioned: (i) the autotransporter b-barrel domain may form a "hybrid barrel" with BamA, where the autotransporter b-strands 1 and 12 are paired to the b-strands of the BamA lateral gate, generating an internal cavity sufficiently large for efficient passenger domain transport (Gruss et al., 2013; Noinaj et al., 2017;  Fig. 3B, left) ; (ii) steric hindrance, due to the presence of the linker in a hairpin conformation (the a-helical region and a more Nterminal sliding segment), would prevent pairing of bstrands 1 and 12 of the autotransporter b-barrel domain, which may possibly form a curved b-sheet (Fig. 3B,  right) that is stabilized by interactions with different subunits of the BAM complex (Ieva et al., 2011; Pavlova et al., 2013) . According to the latter scenario, the autotransporter b-strands 1 and 12 would be proximal but not paired to the b-strands of the BamA lateral gate. However, the flexibility of the BamA lateral opening, as well as the rotation of the POTRA arm together with BamD and BamB, would help tailoring the degree of opening of the autotransporter b-barrel to consecutive passenger domain segments (Fig. 3B, right) , including those that may harbor structural elements of low complexity (Brandon and Goldberg 2001; Veiga et al., 2004; Skillman et al., 2005; Leyton et al., 2011; Sauri et al., 2012) .
Role of the TAM in autotransporter assembly
Recent reports have described an additional complex that contributes to the efficient biogenesis of some autotransporters, including p1121 of Citrobacter rodentium, as well as Ag43 and EhaA of E. coli. This complex, named translocation and assembly module or TAM, is formed by two subunits: TamA in the OM and TamB in the IM (Selkrig et al., 2012) . TamA, a member of the Omp85 protein superfamily, forms a 16-stranded b-barrel like BamA and contains three N-terminal POTRA domains. The three-dimensional structure of TamA and molecular dynamics simulations reveal that b-strands 1 and 16 are only partially paired and may form of a lateral gate that, as proposed for BamA, opens to catalyze a protein translocation process (Gruss et al., 2013; Bamert et al., 2017) . TamA is co-expressed with TamB, a periplasmic protein connected to the IM via an N-terminal signal anchor (Selkrig et al., 2012) . TamB has an elongated shape which can transverse the periplasm, and a large portion of the protein, which consists of more than 1200 amino acid residues, is predicted to be organized in a b-solenoid structure (Shen et al., 2014) . TamA and TamB form a two-membrane spanning complex due to an interaction between the POTRA domains of TamA and a C-terminal segment of TamB. The latter is part of an evolutionarily conserved, bstrand-rich domain, DUF490, the function of which remains elusive . Biophysical and structural studies revealed that the POTRA domains of TamA are relatively rigid in solution, and have thus been proposed to form a rigid arm (Shen et al., 2014; Selkrig et al., 2015) . The rigid POTRA arm of a TamA molecule reconstituted into a lipid bilayer moves away from the membrane surface upon binding of unfolded Ag43, which in turn accumulates into the lipid phase. TamB inhibits the latter event and, therefore, may regulate the function of TamA. A mechanistic model proposes that the POTRA domains of TamA might form a lever arm that would push on TamB causing disorder in the OM lipid bilayer and facilitating secretion (Shen et al., 2014) .
More recently, the TAM was shown to contribute to the efficient assembly of inverse autotransporters (Heinz et al., 2016) . However, other classical autotransporters, including EspP and Hbp, do not appear to benefit from the expression of the TAM under the experimental conditions tested so far (Sauri et al., 2009; Kang'ethe and Bernstein, 2013b) . In addition, Ag43 can be assembled into proteoliposomes by the reconstituted BAM complex in the absence of TAM (Norell et al., 2014) . Thus it remains to be established to which extent the TAM is required for autotransporter assembly, whether the TAM is sufficient to promote biogenesis in a BAM complexindependent manner or how the two complexes cooperate.
Although further experimental data are necessary to elucidate the role of the TAM in autotransporter biogenesis, at least three scenarios of the BAM complex-TAM interplay can be hypothesized. First, the BAM complex and the TAM may act at distinct stages of the autotransporter assembly (Fig. 4, left) . As discussed above, at least in the case of the SPATEs EspP and Hbp, the BAM complex is involved in both b-barrel domain assembly and in the onset of passenger domain secretion, two inter-dependent reactions (Sauri et al., 2009; Ieva et al., 2011; Pavlova et al., 2013) . Conceivably, the TAM may facilitate later assembly events necessary for efficient completion of the autotransporter biogenesis process. According to a second scenario, the TAM may transiently interact with BAM to form a larger complex that enhances autotransporter assembly by an as-yet unknown mechanism (Fig. 4, center) . This model differs from the former in that the BAM complex and the TAM do not act at distinct stages of autotransporter biogenesis, but they would operate simultaneously, forming, at least transiently, one functional unit. In this regard, it is interesting to observe that the spirochete Borrelia burgdorferi, which does not encode TamA, coexpresses the TamB and BamA encoding genes in a single operon; in this model organism, TamB appears to be essential for Fig. 4 . Hypothetical scenarios of cooperation between the BAM complex and the TAM during autotransporter biogenesis. Left: the BAM complex (blue) and the TAM (green) catalyze distinct steps of the autotransporter assembly reaction. Center: the BAM complex and the TAM simultaneously cooperate on the assembly of autotransporters. Right: the BAM complex plays a major role in autotransporter biogenesis. Under certain physiological conditions (high secretory demand, envelope stress), the TAM is activated to reduce work overload at the BAM translocase. These models are speculative and further experimental work is necessary to elucidate the interplay between the BAM complex and the TAM in autotransporter biogenesis.
OM biogenesis and it interacts directly with BamA, indicating a functional cooperation of TamB and the BAM complex (Lenhart et al., 2012; Dunn et al., 2015; Iqbal et al., 2016) . A third scenario is based on the fact that the BAM complex operates at the main assembly pathway for OM proteins, including autotransporters. The TAM, conversely, would be activated only under some physiological conditions (for instance, high secretory demands) as a "support" module of the BAM complex (Fig. 4, right) . According to this scenario, the TAM would function as a sort of secretory pressure relief valve for the assembly of OM proteins, reducing a work overload for the BAM complex. Although it remains difficult to envision a detailed mechanism, we could speculate that the TAM may either boost the activity of the BAM complex, possibly by extending the proteinlipid interface for autotransporter assembly (Selkrig et al., 2014) , or it may function as a backup translocase. A key role of the TAM in supporting OM protein biogenesis is further suggested by the observation that the lack of TAM proteins in different bacterial species has been shown to interfere with OM integrity and virulence (Burall et al., 2004; Gallant et al., 2008; Babu et al., 2011; Yu et al., 2017) .
It should finally be highlighted that different strains, expression conditions and diagnostic methodologies have been used to investigate the roles of the BAM complex and the TAM in the assembly of autotransporters (Sauri et al., 2009; Selkrig et al., 2012; Kang'ethe and Bernstein, 2013b; Norell et al., 2014; Shen et al., 2014; Heinz et al., 2016) . Thus, it cannot be excluded that, given identical experimental settings, all autotransporters would reveal a similar BAM complex-only or BAM complex/TAM dependent biogenesis. In addition, the models of the BAM complex/TAM cooperation discussed above could also be relevant to further reactions of OM protein assembly that appear to depend on both translocases, such as the biogenesis of the chaperoneusher secretory pore of type I fimbriae, FimD Bamert et al., 2017) .
Conclusions
The last decade has witnessed enormous progresses in the understanding of OM protein biogenesis and secretion by Gram-negative bacteria. Assembly of autotransporters is a representative example of such advances. Paradoxically, these simple virulence factors that were initially thought to be self-sufficient for secretion, appear now to require several factors including two distinct translocases in the OM. Despite the recent insights into autotransporter assembly, many aspects of their biogenesis remain obscure. A key question concerns how secretion of the passenger domain across the OM is energized. In the case of classical autotransporters, a substantial set of experimental evidence supports a model according to which the free energy gained during progressive folding of a b-helical passenger domain, starting from its C-terminus, progressively traps secreted polypeptide segments on the cell surface and prevents their back-sliding into the periplasm (Peterson et al., 2010; Soprova et al., 2010; Renn et al., 2012; Besingi et al., 2013; Drobnak et al., 2015b) . Similarly, the folding of b-helical TpsA proteins has been proposed to drive secretion across TpsB proteins of the type Vb system (Gu erin et al., 2017) . Recent studies, however, have revealed that a further driving energy source, independent of folding mechanisms, may contribute to autotransporter passenger domain secretion (Kang'ethe and Bernstein, 2013a,b) . The latter is likely to involve an electrostatic component, as efficient secretion was shown to require negative charges, a prevalent feature in the passenger domains of autotransporters produced by various bacterial species (Kang'ethe and Bernstein, 2013a) . In this respect, it should be highlighted that a small electrical potential across the OM can be measured (negative inside), but whether it has an effect on proteins of the OM is unclear (Stock et al., 1977; Sen et al., 1988) . Certainly, the suggestion that autotransporter assembly mechanisms may be regulated by a trans-envelope complex, such as the TAM, is particularly intriguing as it leads to a speculative scenario where autotransporter biogenesis can access energy sources available at the IM (Shen et al., 2014) . In any events, further studies will be necessary to unravel the role of the TAM in autotransporter biogenesis and its cooperation with the BAM complex.
